Transition metal diborides in hexagonal AlB2 type structure typically form stable MB2 phases for group IV elements (M = Ti, Zr, Hf). For group V (M = V, Nb, Ta) and group VI (M = Cr, Mo, W) the stability is reduced and an alternative rhombohedral MB2 structure becomes more stable. In this work we investigate the effect of vacancies on the B-site in hexagonal MB2 and its influence on the phase stability and the structure for 2
Introduction
Transition metal borides exhibit an interesting combination of properties such as high hardness, low wear rate and excellent electrical conductivity, making them suitable for various thin film applications. A large number of boride phases with different crystal structures are known. One of the most common structure types is the hexagonal AlB2 structure (P6/mmm) typically formed by metal (M) constituents from groups IV through VI. This structure can be described as closepacked layers of the metal separated by planar layers of boron. The boron atoms form a honeycomb network with strong B-B bonds within the layer. The stability of the AlB2 structure is dependent on the transition metal M. Typically, the group IV elements (Ti, Zr, Hf) form stable MB2 phases with a limited homogeneity range. Going to group V (V, Nb, Ta) and group VI (Cr, Mo, W), the stability of the hexagonal MB2 is reduced, and an alternative rhombohedral MB2 structure (R3 ̅ m) with a puckered boron layer becomes more stable for transition metals in group VII and VIII. The reduced stability of the hexagonal MB2 structure can be explained by trends in the electron structure. Analysis of the density of states (DOS) from density functional
theory (DFT) calculations show a pseudogap separating bonding and antibonding M-d/B-p
states [1, 2] . For the group IV transition metals, the Fermi level is positioned in the gap, filling all the bonding states. For the group V and VI elements, antibonding states are also filled, leading to a reduced stability of the structure. The stability can be affected by vacancies and other point defects. For example, it is well-known that the NbB2 phase exhibits a homogeneity range of 65-70 at% B corresponding to a composition NbB1.84 to NbB2.34 [3] . Most likely, these vacancies are formed on both metallic and boron sites. Other metal diborides, however, such as CrB2 exhibit no homogeneity range from the published phase diagrams [4] .
Recently, we have observed that thin film synthesis from MB2 (M = Nb, Cr, Mo) targets with a clear boron deficiency (B/M < 2) resulted in thin films exhibiting a B/M ratio ranging from 1.5 to 1.8 [5] [6] [7] . For the Cr-B and Mo-B systems, these compositions should lead to a mixture of phases including also more complex structures such as Cr3B4 and MoB. However, the phase analysis only showed the formation of substoichiometric hexagonal NbB2-x, CrB2-x, and MoB2-x. The possibility to deposit highly substoichiometric MB2 films by magnetron sputtering raises a number of questions regarding their stability and the effect of vacancies on the materials properties. No systematic study has yet been carried out to study the effect of vacancies on the AlB2-type borides for the early transition metals. The aim with this work is therefore to use first-principles calculations to investigate how B-vacancy formation in hexagonal MB2 (M = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W) affects the stability and structure, and for selected compositions also electronic structure. A comparison of MB2 phases with M from group IV (M = Ti, Zr, Hf), V (M = V, Nb, Ta), and VI (M = Cr, Mo, W) will illustrate trends in vacancy formation for increasing number of d-electrons, while a comparison of M from period 4 (M = Ti, V, Cr), 5 (M = Zr, Nb, Mo), and 6 (M = Hf, Ta, W)will show the trends in vacancy formation going from a 3d to a 4d to a 5d metal.
Computational details
B-vacancies in MB2 are modeled with the special quasi-random structure (SQS) method [8] to mimic an ideal random alloys of B-vacancies on the B-sites. SQS supercells were generated from 4×4×3 unit cells of the AlB2-prototype structure at various B-vacancy concentrations x by optimizing the Warren-Cowley pair short-range order parameters [9, 10] up to the 8 th shell. In total there are 48 M-sites at Wyckoff site 1a and 96 B-sites at Wyckoff site 2d, and Table I summarizes information for the supercells used to model MB2-x. considered. These are defined in Table II along with enumerated B atoms in Fig. 1(b) . correspond to the enumeration of B-atoms in Fig. 1(b) . (1, 4) , (1, 7) , (1, 8) , (1, 9) ‡ , (1, 10) 0.375 (1, 2, 8) , (1, 2, 9) , (1, 2, 10) , (1, 3, 8) , (1, 3, 9) , (1, 3, 10) , (1, 3, 11) ‡ , (1, 4, 7) , (1, 4, 8) 0.5 (1, 2, 7, 8) , (1, 2, 8, 9) , (1, 2, 9, 10), (1, 2, 10, 11), (1, 3, 7, 9) , (1, 3, 8, 10) , (1, 3, 9, 11) , (1, 3, 10, 12) , (1, 4, 7, 10) , (1, 4, 8, 11 ) ‡ Ordered structures used in Ref. [11] .
All calculations are based on DFT within the generalized gradient approximation exchangecorrelational functional as suggested by Perdew, Burke, and Ernzerhof (PBE) [12] , using the projector augmented wave (PAW) technique [13] as implemented within VASP [14, 15] . We used a plane wave energy cutoff of 400 eV and the Monkhorst-Pack scheme [16] for integration of the Brillouin zone. For each considered phase the total energy is converged with respect to k-point sampling to within 0.2 meV/atom, e.g. for MB2-x we used a 5×5×5 and 11×11×11 kgrids for 4×4×3 and 2×2×2 unit cells, respectively. Each phase was relaxed in terms of unit-cell volume, c/a ratio (when necessary), and internal atomic positions. Structures with disordered vacancies do break an initially assigned hexagonal crystal symmetry, though after complete relaxation there is no significant deviation from such complete symmetry. Since magnetism is beyond the scope of the present work, spin-polarization has been neglected throughout this study, although, e.g., CrB2 has been shown to exhibit a helicoidal magnetic structure [17] .
However, consideration of magnetism would only influence a potential quantification of calculated energies, and not the here investigated trends.
The chemical bonding was investigated in terms of projected crystal orbital Hamiltonian populations (pCOHP) which were derived using the LOBSTER program [18] [19] [20] 
Results and discussion

Stability of MB2 with boron vacancies
In order to evaluate the stability of MB2 upon introduction of B-vacancies, the energy of this phase needs to be compared to the energy of single elements and binary phases within the M-B system. Identification of these competing phases are based on experimental phase diagrams, e.g. see Ref. [21] [22] [23] [24] , and Table A1 and A2 encompass these including their calculated total energy and lattice parameters.
In a first comparison, we construct a 0 K "phase diagram" for the M-B binaries listed in Table   AI and AII, using the binary formation energy ∆ 1 given by
where [ gain any energy by forming B-vacancies, evident from the resulting phases being above the convex hull. This is consistent with reported phase diagrams where they are shown to be close to line compounds [21, 22] . For group V, ∆ 1 increases for VB2-x with increasing x while both
NbB2-x and TaB2-x do show a decrease of ∆ 1 for 0 < < 0.083, corresponding to 66.7 -65.7 at% B, and 0 < < 0.25, corresponding to 66.7 -63.6 at% B, respectively. For group VI, ∆ 1 decreases up to x = 0.25, 0.333, and at least 0.5 for CrB2-x, MoB2-x, and WB2-x, respectively.
However, in this comparison ( Fig. 2) we do only get information on the stability of MB2-x relative to M and B. Therefore, we also have to compare to the phases that belongs to the convex hull, and identify the set of most competing phases, for further details see Refs. [25, 26] This approach has been shown effective for both verifying and predicting the existence of binary, ternary and quaternary compounds [26] [27] [28] , and found valid also for temperatures T > 0 K [29] . The black line represents the convex hull, excluding MB2-x when x ≠ 0. Phases which do not belong to the convex hull are represented by blue circles (○). See Table A2 for a complete list of competing phases.
The formation enthalpy of MB2-x with respect to the set of most competing phases, at zero pressure, is calculated as
where [ B 2− ] is the total energy for MB2-x and [competing phases] the energy for the identified set of most competing phases at the MB2-x composition. Corresponding free energy is approximated as
where
per formula unit is the entropy of an ideal solution of B and B-vacancies on the boron sublattice.
Notice that is related to as = /2. For illustrative purpose, ∆ cp is presented for T = 1000 K in this work. 
For systems with M = Ti, Zr, Hf, V, and Nb the AlB2 type structure is found stable at x = 0 with ∆ cp = -329, -435, -414, -73, and -69 meV/atom, respectively, and hence these phases are included as competing phases in respective system from here on. Table III shows Table II and Fig. 1(b) , whereas group V and VI show tendencies of B-vacancy formation in separate B-layers, see e.g. (1, 9) in Table II and Fig. 1(b) . There is also a larger spread in ∆ cp order for group IV as compared to group V and VI, most ordered configurations are found with ∆ cp order < ∆ cp disorder . For some configurations ∆ cp order < ∆ cp indicating tendency for ordered B-vacancies even at increase temperatures. We note that a previous study of ordered B-vacancies in MoB2 show similar trends, with decreasing ∆ cp order as x increases, though with ∆ cp order = -37 meV/atom at x = 0.375 [11] . Note that a different code, CPMD, was used in their study. At elevated temperatures, contributions to the free energy besides configurational entropy might be taken into consideration. However, in similar hexagonal layered materials, vibrational and electronic contributions been shown to almost cancel out and hence not influence ∆ cp significantly [29] .
In addition, the formation energy vac f of a B monovacancy has been calculated using a 4×4×3 unit cell, from
where vac is the total energy of the cell with one B-vacancy, n is the number of atoms in the bulk cell, and bulk the total energy for the bulk cell without a vacancy. The inset in Fig. 3(f) shows 
Compared to ZrB2-x, B-B is almost constant for NbB2-x whereas a clear increase is seen for
MoB2-x. Corresponding M-B distances decreases. Least for ZrB2-x, more for NB2-x, and most for
MoB2-x. This correlates well with the volume in Fig. 4(a) . In Fig. 6 
(a) the bulk modulus B0 of MB2-x is shown as function of B-vacancy concentration x.
A decrease in B0 is seen for M from group IV and V with increasing x. For group VI, B0 of CrB2-x is close to constant for x < 0.167 after which it start to decrease whereas B0 of both MoB2-x and WB2-x decreases at small x, compared to x = 0, followed by a small increase up to x = 0.25 and 0.333, respectively, and then decreases at higher x. Recently, phonon calculations of WB2, with AlB2 structure, showed imaginary frequencies which indicates that it is dynamically unstable [41] . By modifying WB2, either through creation of puckered B-layers (R3 ̅ m or P63/mmc) or formation of B-vacancies, the imaginary frequencies are expected to disappear as well as stabilize the phase. Possible explanations to these trends are discussed below. 
Electronic structure analysis
In Fig. 3 
Conclusion
In conclusion, the phase stability, structural parameters, electronic structure, and bonding MoB2-x (x = 0.4) was formed [5, 7] and in bulk synthesis of hexagonal TaB2-x (x = 0.19) [30] . energies for all competing phases included in this work are listed in Table A2 . 
Appendix A
